Most of the newly developed drug candidates are lipophilic and poorly water-soluble. Enhancing the dissolution and bioavailability of these drugs is a major challenge for the pharmaceutical industry. Liquisolid technique, which is based on the conversion of the drug in liquid state into an apparently dry, non-adherent, free flowing and compressible powder, is a novel and advanced approach to tackle the issue. The objective of this article is to present an overview of liquisolid technique and summarize the progress of its applications in pharmaceutics. Low cost, simple processing and great potentials in industrial production are main advantages of this approach. In addition to the enhancement of dissolution rate of poorly water-soluble drugs, this technique is also a fairly new technique to effectively retard drug release. Furthermore, liquisolid technique has been investigated as a tool to minimize the effect of pH variation on drug release and as a promising alternative to conventional coating for the improvement of drug photostability in solid dosage forms. Overall, liquisolid technique is a newly developed and promising tool for enhancing drug dissolution and sustaining drug release, and its potential applications in pharmaceutics are still being broadened.
Introduction
With the advent of combinatorial chemistry and innovative high-throughput screening, knowledge concerning physicochemical properties (i.e., crystal structures and salt formation) as well as biological factors (such as metabolizing enzymes and transporters) of drug candidates has been extensively accumulated [1] . As a result, a vast number of active pharmaceutical ingredients have been produced. However, most of these drugs are very lipophilic and poorly water-soluble [2] . It is reported that about 40% of the newly developed drugs and nearly 60% of the synthesized chemical entities suffer from solubility issues [3, 4] . Therefore, to enhance the solubility and dissolution of these poorly water-soluble drugs and improve their bioavailabilities are a matter of concern for many pharmaceutical scientists. The bioavailability of these Biopharmaceutical Classification System Class II (BCS II) drugs is often limited by their solubility and dissolution rate in the gastrointestinal tract [5, 6] . Many suitable formulation approaches have been developed to increase the solubility of poorly water-soluble drugs. Micronization technique is the most commonly used approach to improve drug solubility due to an increase in surface area, but the agglomeration tendency of micronized hydrophobic drugs makes it less effective to circumvent the solubility problem, especially when the drug is formulated into tablets or encapsulations [7] . Solid dispersion has gained an active research interest for improving drug dissolution in the past few decades, however its commercial application is very limited and only a few products, such as Kaletra ® and Gris-PEG ® have become commercially available. The reason mainly lies on its poor stability during storage and lack of understanding of its solid-state structure [8] . Formulating soft gelatin capsules is another widely used approach, whereas it is costly and requires sophisticated technologies [9] . Other approaches, such as inclusion complexation [10] , microencapsulation [11] , and preparation of nanosuspensions [12] , self-nanoemulsions [13] and solid lipid nanoparticles [14] have also been studied for dissolution enhancement of poorly water-soluble drugs. But these approaches involve high production cost and entail advanced preparation method and/or sophisticated machinery. Liquisolid technique, a newly developed and advanced method for dissolution enhancement, can overcome many aforementioned barriers [15] [16] [17] . This technique was first introduced by Spireas et al. and applied to incorporate waterinsoluble drugs into rapid release solid dosage forms. The design principle of liquisolid system is to contain liquid medications (i.e., liquid drugs, drug solutions or suspensions) in powdered form and delivery drug in a similar way to soft gelatin capsules containing liquids. Liquisolid technique refers to the conversion of liquid medications into apparently dry, non-adherent, free flowing and compressible powder mixtures by blending the liquid medications with suitable excipients, which are generally termed as carriers and coating materials [18, 19] . The liquid medication is first absorbed into the interior framework of the carrier. Once the interior of the carrier is saturated with liquid medication, a liquid layer is formed on the surface of carrier particles, which is instantly adsorbed by the fine coating materials. Consequently, an apparently dry and free flowing and compressible powder mixture is formed. The mechanism of liquisolid system formation is displayed in Fig. 1 . Usually, orally safe, and preferable watermiscible organic solvents with high boiling point, such as propylene glycol and polyethylene glycol (PEG) 400, are used as the liquid vehicles. Carriers refer to porous materials with large specific surface area and high liquid absorption capacity to absorb liquid medication [19] . Various grades of cellulose, starch and lactose can be adopted as carriers. However, only excipients with very fine particle size and highly adsorptive property, such as silica powder, can be used as coating materials [21] .
Even though the drug within liquisolid system is in a solid state, it exists exactly in a completely or partly molecularly dispersed state [22, 23] . Therefore, a liquisolid system may exhibit enhanced dissolution rate due to the increased dissolution area, enhanced aqueous solubility, or improved wetting properties [24] . Apart from dissolution enhancement, liquisolid technique has recently been investigated as a tool to retard drug release [25] [26] [27] , to minimize the influence of pH variation on dissolution profile [28, 29] , and to improve drug photostability [30] . Finally, it is worth mentioning that liquisolid systems are not associated with stability issues [15, [31] [32] [33] . This article presents an overview of the liquisolid technique and the advance in its applications in pharmaceutics.
Theory of liquisolid system
A powder can only retain limited amount of liquid medication while maintaining acceptable flowability and compressibility. Therefore, in order to attain a liquisolid system with acceptable flowable and compressible properties, a mathematical model introduced and validated by Spireas is recommended to calculate the appropriate quantities of carrier and coating material [18] [19] [20] . The model is based on two fundamental properties of a powder, i.e., flowable liquid retention potential ( Φ value) and compressible liquid retention potential ( Ψ value). The Φ and Ψ values of a powder excipient represent the maximum quantity of liquid vehicle that can be retained in the powder bulk without compromising flowability and compressibility [19] .The Φ value is preferably determined by measuring the angle of slide of the prepared liquid-powder admixture. And the Ψ value can be measured by an experiment called pactisity, which is defined as the maximum crushing strength of a tablet with a tablet weight of one gram when compressed at sufficient compression force [19, 21] . The excipients ratio ( R), which is also known as the carrier/ coating ratio, is defined as follows:
Therefore, R is the ratio between the weights of carrier ( Q ) and coating material ( q ). An increase in the R value will lead to higher quantities of the carrier and lower amounts of the coating material. As the R value is associated with the flowability and compressibility properties, disintegration, and dissolution rate of the liquisolid system, an optimum value of R is recommended to be 20 [21, 34] . Another important parameter of the liquisolid system is termed as liquid loading factor ( L f ), which is defined as the weight ratio of the liquid medication ( W ) and the carrier material ( Q ) in the liquisolid system.
The liquid loading factor for the production of a liquisolid system with acceptable flowability can be determined by:
Where Φ and ϕ values correspond to the flowable liquid retention potential of the carrier and coating material, respectively. Correspondingly, the liquid loading factor to ensure acceptable compressibility of a liquisolid system can be determined by:
Where Ψ and ψ values correspond to the compressible liquid retention potential of the carrier and coating material, respectively. Therefore, the optimum liquid loading factor ( L 0 ) that produces a liquisolid system with acceptable flowability and compressibility is equal to either Φ L f or Ψ L f , whichever has the lower value.
As Φ, Ψ, ϕ , and ψ values are constants for each powderliquid combination, for a given excipients ratio ( R), the optimum liquid loading factor ( L 0 ) can be calculated according to Equations (3) or (4 The applied excipients are easily available and cost-effective. Besides, the preparation process is simple, which is similar to conventional solid dosage forms (i.e. tablets and capsules). Moreover, the good flowability and compressibility of liquisolid powder make the technique feasible for largescale production.
Disadvantages [37,38]
There are also disadvantages associated with liquisolid technique. (i) The technique is successfully applied for low dose water-insoluble drugs, whereas the incorporation of high dose water-insoluble drugs into liquisolid systems is its main limitation. As these drugs require large quantity of liquid vehicle, therefore, in order to obtain liquisolid powder with good flow and compressible properties, large amounts of carrier and coating material are required. This may increase tablet weight over the limit, which is difficult for patients to swallow. Several strategies have been reported to address the above obstacle. For example, adding some additives (i.e., PVP and PEG 35000) into the liquid medications to increase the viscosity can reduce the quantities of carrier and coating material. Additionally, application of modern carrier and coating materials (such as Fujicalin ® and Neusilin ® ) with large specific surface area (SSA) and high absorption capacity is another efficient way to load high dose water-insoluble drugs. (ii) A high solubility of drug in liquid vehicle is required to prepare liquid solid systems.
4.
Formulation design and preparation of liquisolid system
4.1.
Formulation design of liquisolid system
Liquid vehicle
Liquid vehicle used in liquisolid systems should be orally safe, inert, not highly viscous, and preferably water-miscible nonvolatile organic solvents, such as propylene glycol, glycerin, PEG 200 and 400, polysorbate 20 and 80, etc [39] . The solubility of drug in nonvolatile solvent has an important effect on tablet weight and dissolution profile. Higher drug solubility in the solvent leads to lower quantities of carrier and coating material, and thus lower tablet weight can be achieved. On the other hand, the higher the drug solubility in the solvent, the greater FM value (the fraction of molecularly dispersed drug) will be, which confers an enhancement of the dissolution rate [16, 40] . The selection of liquid vehicle mainly depends on the aim of study. Namely, a liquid vehicle with high ability to solubilize drug will be selected in the case of dissolution enhancement. While if the aim is to prolong drug release, liquid vehicle with the lowest capacity for solubilizing drug may be chosen [27] . In addition to the drug solubility in liquid vehicle, several other physicochemical parameters such as the polarity, lipophilicity, viscosity, and chemical structure also have significant effects on drug release profiles [21] . Moreover, it is claimed that liquid vehicle can act as a binder in a low concentration, which contributes to the compactness of liquisolid tablets. The reason may lie on the presence of hydroxyl groups in the molecular structure of liquid vehicle which leads to hydrogen bonding between solvents and other excipients in liquisolid formulations [41] .
Carriers
Carriers should possess porous surface and high liquid absorption capacity [18] . As carriers allow an incorporation of large amount of liquid medication into the liquisolid structure, the properties of carriers, such as (SSA) and liquid absorption capacity, are of great importance in designing the formulation of liquisolid system. The liquid adsorption capacity mainly depends on the SSA value. Additionally, it is also influenced by the type of coating material and the physicochemical properties of the liquid vehicle, such as polarity, viscosity, and chemical structure [42] .
Currently, microcrystalline cellulose (MCC) with SSA of 1.18 m 2 /g is the most commonly used carrier. Javadzadeh [15] investigated the effect of three grades of MCC (i.e., PH 101, 102, and 200) on the flowability and compressibility as well as the dissolution rate of piroxicam liquisolid tablets. It was observed that liquisolid formulations prepared from MCC PH 101 exhibited better flowability, compressibility, and dissolution profiles compared with those prepared from MCC PH102 and 200. In addition, aging has no significant effect on the hardness and dissolution profiles of the prepared liquisolid tablets. Overall, MCC PH 101 is a suitable carrier to prepare liquisolid systems in terms of flowability, compressibility, and dissolution profile. ) have relatively limited applications due to their low SSA values [43] . As a result of the low SSA value of carriers, large amounts of carriers are required for the conversion of liquid medication into apparently dry, free flowing and compressible powder mixture, which will further lead to the increase in tablet weight. In addition to these carriers, Eudragit ® RL and RS are also commonly used in the preparation of liquisolid systems with sustained drug release patterns [25] . 
Coating materials
Coating materials refer to very fine and highly adsorptive materials, such as Aerosil ® 200, Neusilin ® , and calcium silicate or magnesium aluminometasilicates in a powder form. These materials play a contributory role in covering the wet carrier particles to form an apparently dry, non-adherent, and free flowing powder by adsorbing any excess liquid [50] . It was proved that the replacement of Aerosil ® 200 by Neusilin ® US2
as a coating material in liquisolid system considerably increased the liquid adsorption capacity and reduced tablet weight [47] . Since Neusilin ® can be either a carrier or a coating material, its usage will greatly simplify the preparation procedure of liquisolid formulations [47] .
Additives
The disintegration of solid dosage forms obviously influences drug release. Therefore, disintegrants are usually included in liquisolid tablets to allow a fast disintegration. Some commonly used disintegrants in liquisolid system include sodium starch glycolate, croscarmellose sodium, and low substituted hydroxypropyl cellulose [51] . Polyvinylpyrrolidone (PVP) is another promising additive, which has the potential to incorporate high amount of drug into liquisolid systems, and thus reduce the tablet weight [38] . Besides, due to the crystal growth inhibition effect of PVP, liquisolid tablets containing PVP show an improvement of dissolution rate [37] . There is another additive in liquisolid systems -HPMC, which usually acts as a release retarding agent to extend drug release [36] .
General preparation procedures of liquisolid system
Calculated amounts of drug and liquid vehicle are mixed, and then heated or sonicated for completely solubilizing or evenly blending. The following mixing process of the resulted liquid medication with other excipients used in the liquisolid formulation is carried out in three steps as described by Spireas and Bolton [18] . During the first stage, the resulted liquid medication is poured onto calculated quantity of carrier material and blended at an approximate mixing rate of one rotation per second for one minute to facilitate a homogenous distribution of liquid medication throughout the carrier powder. Then, coating material in calculated amount is added and mixed homogenously. In the second stage, the prepared powder mixture is spread as a uniform layer on the surface of a mortar and left standing for 5 min to facilitate a complete absorption of drug medication into the interior framework of carrier and coating materials. In the third stage, disintegrant is added and mixed thoroughly with the above powder mixture, and a final liquisolid system is obtained. The prepared liquisolid system can be further compressed or encapsulated. It has to be mentioned that the mixing speed, mixing time, and standing time can be adapted according to specific case. The preparation procedures of liquisolid system are displayed in Fig. 2 .
Applications of liquisolid technique in pharmaceutics

Liquisolid technique as a tool to enhance drug dissolution
Based on the literatures, liquisolid technique has been widely used to improve the dissolution rate of low dose insoluble drugs, such as prednisolone [21] , famotidine [22] , valsartan [53] , ketoprofen [54] , raloxifene hydrochloride [23] , clonazepam [24] , clofibrate [55] , etc. In the case of high dose water insoluble drugs (i.e., carbamazepine), the feasibility of liquisolid technique has also been discussed. Javadzadeh et al. suggested [38] that it is possible to involve liquisolid technique in the incorporation of high dose water-insoluble drugs into liquisolid systems by adding some additives (such as PVP, HPMC and polyethylene glycol 35000), because these additives have the capability to increase the liquid absorption capacity of carrier and coating materials. Hentzschel et al. [42] have shown another potential approach to load high dose of poorly water-soluble drugs into liquisolid systems, namely by using modern carriers (such as Neusilin ® ) with larger SSA value and higher absorption capacity. Recently, Pezzini et al. [56] explored the possibility of using this technique to prepare liquisolid pellets for dissolution enhancement of felodipine. It was observed that a liquisolid microenvironment with soft structures and high porosity was formed, which favored the disintegration and dissolution process of felodipine liquisolid pellets. The results indicated that it is feasible to adopt liquisolid pellets as novel drug delivery systems to improve the dissolution rate of poorly watersoluble drugs. A comparative study to corroborate the feasibility of liquisolid technique is performed by Khan et al. [57] , in which the liquisolid technique was applied to enhance the dissolution rate of hydrochlorothiazide in comparison with solid dispersion technique. The obtained results showed liquisolid systems enhanced the drug dissolution rate to 95% while it only increased to 88% for solid dispersions. Thus a conclusion could be drawn that the liquisolid technique was more effective than solid dispersion technique in improving the rate and extent of drug release.
Furthermore, the in vivo profiles of liquisolid tablets have been studied by several researchers. For example, Khaled et al. [58] evaluated the in vivo performance of hydrochlorothiazide liquisolid tablets in six male Beagle dogs using two-way crossover design. It was shown that hydrochlorothiazide liquisolid tablets exhibited 15% greater bioavailability than the commercial oral dosage form. Recently, in another study, the clinical evaluation of mosapride citrate liquisolid tablets was performed by Badawy et al. [29] in six healthy male volunteers aged twenty to forty years. A randomized, single dose, two-way crossover open-label design was used for the study. The authors concluded that mosapride citrate liquisolid tablets could increase the oral bioavailability when compared with the commercial counterparts, with significantly improved pharmacokinetic parameters (i.e., Cmax, Tmax, and AUC(0-12)). Three possible mechanisms of dissolution enhancement for liquisolid systems have been proposed in the literature, namely increased drug surface area, increased drug solubility, and increased wetting properties. Even though the drug is held in a solid dosage form, it is presented either in a solubilized or dispersed state. Therefore, the drug surface area available for dissolution is markedly increased [16, 17, 22] . In addition to the preceding mechanism, the drug solubility could be increased in the aqueous diffusion layer. It is recognized that the relatively small amount of liquid vehicle existed in the liquisolid system may be insufficient to increase the overall drug solubility in the dissolution medium. However, in the microenvironment of diffusion layer between the individual liquisolid primary particle and the dissolution medium, liquid vehicle may act as a co-solvent and diffuses out of the primary particle together with the drug, which might be adequate to increase drug solubility [22, 59, 60] . Moreover, due to the surface activity of liquid vehicles, the interfacial tension between tablet surface and dissolution media can be reduced, which leads to an improved wettability of the hydrophobic drug [31, 60] . Recently, we have improved the dissolution of tadalafil, a poorly water-soluble drug, by employing the liquisolid technique. Meanwhile, the mechanism of enhanced dissolution was also investigated. The results suggested that a reduction of the particle size and crystallinity and an enhancement of the wettability were the main mechanisms for the enhanced dissolution rate of tadalafil [61] .
Liquisolid technique as a tool to sustain drug release
Liquisolid technique is initially designed to enhance the dissolution rate of poorly water-soluble drugs. In the past few years, extensive studies indicated that the liquisolid technique could be utilized as a promising method for preparing sustained release formulations of different drugs [25, 26, 52, 62] . Sustained release formulations are designed to release the drug slowly at a predetermined rate for a certain period of time with high efficacy, high patient compliance, and minimum side effects. One of the main advantages of applying liquisolid technique in prolonging drug release is the possibility to attain a liquisolid system with zero order release kinetics [25] [26] [27] . However, its main limitation lies on the high tablet weight, which is attributed to the high dose of drug used in the sustained release liquisolid formulations (usually higher than that in conventional tablets) [43] .The principle behind liquisolid technique to sustain drug release is mainly based on the hypothesis that by involving hydrophobic carriers (i.e. Eudragit ® RL and RS) instead of hydrophilic carrier or retarding agents (such as HPMC) in the liquisolid formulations, a prolonged drug release pattern can be achieved [25, 63] . Besides, as the SSA value of the commonly used hydrophobic carriers (such as Eudragit ® RL and RS) are usually lower than that of the hydrophilic carriers such as MCC, the amount of coating material (such as silica, a hydrophobic material) that required to convert wetting carrier particles to apparently dry and free flowing powders will be generally higher [25] . This may aid in sustaining drug release. Moreover, it was claimed that by selecting suitable types of liquisolid vehicle, a prolonged drug release pattern could also be obtained [62] . Many attempts have been made to optimize the sustained release liquisolid formulations. Javadzadeh et al. [25] investigated the feasibility of this technique to prolong the release of propranolol hydrochloride. The results showed that liquisolid technique can be adopted as a new tool to prepare sustained release matrices with zero-order release kinetic. The authors pointed out that polysorbate 80 (Tween 80) had an important role in sustaining drug release. Due to the plasticizer effect of Tween 80, the glass transition temperature (Tg) of polymer that applied in the formulation could be reduced. As a result, the polymer chains would coalesce better, which resulted in a fine polymer network with lower porosity and higher tortuosity. During the release process, drug was surrounded and restricted by the fine network, and thus prolonged the drug release. In another innovative study, Nokhodchi et al. [26] evaluated the effect of co-solvent and HPMC on theophylline release. It was concluded that the presence of non-volatile co-solvent was critical for prolonging drug release. The sustained release action of HPMC was amplified and desirable release profile was achieved by changing the type of co-solvent. Similar conclusions were made by Khanfar et al. [64] where venlafaxine hydrochloride liquisolid tablets exhibited greater retardation effect compared with the directly compressed tablets. The type of liquid vehicle was observed to affect drug release significantly. Other important factors included drug concentration in the liquid medication and excipients ratio ( R). Specifically, drug release from liquisolid tablets could be decreased with the increase of drug concentration. A reduction of drug release was observed in liquisolid tablets with higher R value. This was because the amount of carrier and swelling agents (HPMC) was increased in these formulations, which led to a slow diffusion of drug through the porous carrier and the gel layer formed by HPMC. The authors further concluded that prolonged drug release profiles over a period of twelve hours were obtained from liquisolid tablets containing Tween 80 as a liquid vehicle, Avicel ® as a carrier, and HPMC as a retarding agent. Adibkia et al. [52] claimed that the solubility of drug in liquid vehicle had a significant effect on drug release profiles. Additionally, other physicochemical properties such as the formation of micelles, dielectric constant and HLB also affect drug release profiles.
Liquisolid technique as a tool to minimize the influence of pH variation on drug release
The solubility of weak acids and bases is dependent on the ionization constant (pKa) of the compound and pH of the local environment. Therefore, the dissolution and bioavailability of these drugs are greatly influenced by the pH of gastrointestinal fluids. This further leads to a high degree of inter-and intravariability in drug bioavailability and therapeutic effects [29, 65] . El-Hammadi et al. [28] first explored the possibility of using liquisolid technique to minimize the influence of pH variation on the release of loratadine. Several liquisolid formulations were prepared using propylene glycol as a liquid vehicle, MCC as a carrier, and silica as a coating material. The dissolution profile of the prepared liquisolid tablets was investigated in three buffered media with pH values of 1.2, 2.5, and 5, respectively. The results indicated that the dissolution rates of liquisolid tablets were significantly higher and less affected by pH variation in comparison with the directly compressed tablets and marketed tablets (Clarityn ® ). The results suggested that liquisolid technique is a promising tool to minimize the influence of pH variation on the dissolution rate of poorly watersoluble drugs. Similar results were also reported by Chella et al. [33] where an optimized liquisolid formulation was obtained with a significant improvement in dissolution and a less pHdependent release profile compared to drug alone or its commercial formulation. In another study, Badawy et al. [29] demonstrated the robustness of mosapride citrate (a poorly soluble weak base) liquisolid tablets, which minimize the effect of pH variation on drug release along the gastrointestinal tract with bio-relevant media.
Liquisolid technique as a promising tool to improve drug photostability in solid dosage forms
A loss of drug potency during the photodegradation process may result in toxic degradation products and causing potential side effects, thus the photostability study is an indispensable part of pre-formulation studies for photosensitive drugs [30, 66] . The principle behind photoprotective action of liquisolid technique is based on the photoprotective property of silicon dioxide (a commonly used coating material in liquisolid system) due to its high refractive index and the capability to diffract light waves of different energies [30] .
Khames [30] designed a study to evaluate the possibility of using liquisolid technique as a promising alternative to conventional coating for the improvement of drug photostability. Several liquisolid formulations of amlodipine (a photosensitive drug) were prepared, where Avicel ® PH 102 was used as the carrier, nanometer-sized amorphous silicon and titanium dioxide either alone or in combination was used as the coating material. The prepared amlodipine liquisolid formulations were irradiated with visible light, UVA and UVB with different light dose for eight hours. Meanwhile, the conventional film coating tablets and drug alone were tested in the same way for comparison. It was found that all liquisolid formulations showed significant photoprotective effect with a residual drug percentage of 97.37% compared to 73.8% for the drug alone after eight hours of irradiation (P < 0.05). Besides, the photoprotective action of liquisolid tablets was comparable to the conventional film coating tablets (titanium dioxide as the sunscreen, P > 0.05). To be specific, the photoprotective effect of liquisolid tablets was inversely proportional to the excipients ratio ( R). As a conclusion, liquisolid technique was proved to be a promising alternative to conventional coating for improving drug photostability in solid dosage forms.
Conclusion
To enhance the solubility and dissolution of poorly watersoluble drugs is still a matter of concern for pharmaceutical scientists. A review of extensive literatures indicates that the development of liquisolid technique is advancing very fast in the past few years. Liquisolid technique is not only a useful tool to improve the dissolution rate of poorly water-soluble drugs, but also an innovative and excellent method to prepare sustained release tablets with zero order release pattern. Moreover, the technique has exhibited great potential in reducing the effect of pH variation on drug release and improving drug photostability in solid dosage forms. Other potential applications of this technique in pharmaceutics are to be explored in the future. Further studies regarding the development of excellent solvents as well as modern carrier and coating materials for loading high dose drugs are still underway. Currently, much research work still focuses on the formulation development of liquisolid systems and the investigation of in vitro drug release profiles. Future works on the measurement of loading high dose water-insoluble drugs, and in vivo evaluation of liquisolid systems need to be explored and strengthened.
